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ABSTRACT 
Data generated in a normal gravity environment is often 
used in design and risk assessment for reduced gravity 
applications.  It has been clearly demonstrated that this 
is a conservative approach for non-metallic materials 
which have been repeatedly shown to be less flammable 
in a reduced gravity environment. However, recent 
work has demonstrated this is not true for metallic 
materials. This work, conducted in a newly completed 
drop tower observed a significant increase in both 
lowest burn pressure and burn rate in reduced gravity.  
Hence the normal gravity qualification of a metallic 
materials’ lowest burn pressure or burn rate for reduced-
gravity or space-based systems is clearly not 
conservative. This paper presents a summary of this 
work and the results obtained for several metallic 
materials showing an increased flammability and burn 
rate for a range of oxygen pressures, and discusses the 
implications of this work on the fire-safety of space-
based systems.  
 
1. INTRODUCTION 
As demonstrated by the fire onboard the Mir space 
station [1], fires can and do occur in the space 
environment.  The use of pressurised and/or 
concentrated oxygen or other oxidiser creates a very real 
fire hazard.  When exposed to these oxidising 
environments, many metallic materials will burn 
quickly and violently if ignited.  The isolated and 
critical nature of typical space systems means that the 
cost of any type of fire is very high in terms of 
personnel, economic and mission loss.  In such 
environments, fire prevention by design is possible only 
by the application of accurate flammability knowledge. 
 
Metals flammability is measured by a standardised form 
of promoted ignition testing, in which the base of a test 
sample of specified dimensions is forcibly ignited.  
Testing is conducted in the upward burning 
configuration (in which the sample is ignited at its base 
and allowed to propagate up the rod if flammable) as 
results with greater repeatability are produced by this 
method.  For a metal to be considered flammable under 
the test conditions, one of a specified number of tests 
must undergo independent burning, as evidenced by 
propagation further than a specified length (burn 
criteria).  The burn criteria and number of tests may 
vary dependent on the standard used, however the most 
commonly used standards are very similar.  Tab. 1 
shows the specific requirements of the ASTM and 
NASA standards. 
 
Table 1:  ASTM and NASA standard requirements 
  ASTM [2] NASA [3] 
Standard Name G124-09 (2009) NASA-STD-(I)-
6001A  
Test Sample 
Dimensions 
Φ3.2mm x 
101.6mm 
Φ3.2mm x 
101.6mm 
Burn Criteria >30mm >30mm 
Minimum Number 
of Tests 
5 10 
Notes: 
1.  The ASTM standard recommends the use of the standard test 
sample; other configurations may be used. 
2.  The NASA standard requires the use of either the standard test 
sample (as stated) or a non-standard test sample of square cross-
section with a side length of 3.2mm and minimum length of 101.6mm. 
 
Two measurements are generated by this testing a) the 
lowest pressure at which a sample will support burning 
(this is recorded in the form of i) the Lowest Burn 
Pressure (LBP), and ii) the Highest No-Burn Pressure 
(HNBP)), and b) the Regression Rate of the Melting 
Interface (RRMI).  The RRMI is the rate at which the 
sample is consumed, indicated by the propagation of the 
Solid-Liquid Interface (SLI), or the interface between 
the molten droplet at the base of the test sample and the 
remaining solid test sample.  Typically the LBP/HNBP 
is used as a primary indicator of flammability, with the 
RRMI used to further define metals flammability.  
 
Previously it has been observed that under reduced 
gravity conditions, metals burn at an increased RRMI 
[4-7], and at lower pressures [8].  Ward and Steinberg 
[9] explained the increase in RRMI by suggesting that 
more rapid heat transfer occurs in reduced gravity as a 
result of an increase in size of the SLI.  Strong 
correlation between the increase in attachment area and 
increase in RRMI found in the subsequent 
investigations [7, 10] and microanalysis of quenched 
test samples showing a changed SLI in reduced gravity 
compared to normal gravity support this idea [11, 12].  
Fig. 1 illustrates the difference in attachment geometry 
between normal and reduced gravity.   
  
Figure 1:  Schematic showing comparative 
attachment geometry (SLI) for normal and reduced 
gravity [4] 
 
Further, Steinberg et al. [4, 5] hypothesised after early 
testing that metallic materials would exhibit a higher 
flammability in reduced gravity due to the absence of a 
growth and detachment cycle.  This explanation seems 
highly probable and has been accepted by a number of 
researchers [11]. 
 
Qualitative observations made in different reduced 
gravity studies suggest that higher temperatures may be 
reached within the molten droplet during burning in 
reduced gravity, supporting the idea of increased heat 
retention in reduced gravity.  Lynn et al. [8] noted for 
several tests that during reduced gravity testing, a 
‘considerable amount’ of molten metal was ejected from 
the molten droplet during burning, at a pressure at 
which the metal was found to be non-flammable in 
normal gravity.  Steinberg et al. [4] observed a residue 
of chromium oxide on the inside of the combustion 
chamber after reduced gravity testing of 316 stainless 
steel.  Both of these phenomena were concluded to be 
due to higher temperatures occurring within the burning 
droplet. 
 
This previous research suggests that the use of normal 
gravity information for reduced gravity use may or may 
not be appropriate.  The objective of this work is to 
compare the flammability of commonly used 
engineering metallic materials under normal and 
reduced gravity, and utilising this information, examine 
whether the current testing methods are appropriate.   
 
2. EXPERIMENTAL  
2.1. Test Facilities and Apparatus 
All reduced gravity experiments were conducted using 
the Queensland University of Technology (QUT) Drop 
Tower, allowing approximately 2.0s of high quality 
(~10-5g) low gravity.  Detailed operating procedures and 
characteristics of the QUT drop tower are available 
elsewhere [13, 14].  Both normal and reduced gravity 
testing was conducted using the same combustion 
chamber to eliminate any experimental variations 
caused by the use of dissimilar chambers. 
 
2.2. Ignition 
Test samples were ignited using aluminium-palladium 
igniter wire (tradename Pyrofuze®).  The igniter wire 
was wrapped around a notch in the base of the sample 
(10 wraps) then attached to two chamber electrical feed-
throughs.  The igniter wire was resistively heated to 
initiate burning.   
 
When ignition occurs in normal gravity, the end of the 
test sample melts, and a molten droplet, including the 
igniter materials detaches from the base of the sample.  
In reduced gravity this drop detachment does not occur, 
and any ignition products used are retained as part of the 
molten droplet attached to the end of the rod.  It has 
previously been suggested that when allowed to remain 
as part of the molten droplet, the igniter wire may act as 
a catalyst to the burning reaction [15].  To avoid 
contamination of the molten droplet, the samples were 
ignited in normal gravity, the first droplet allowed to 
detach, and then the reduced gravity test commenced. 
 
2.3. Materials 
In this study, 3.2mm diameter cylindrical test specimens 
were used to determine the flammability of two metallic 
alloys, Inconel® 718 (UNS N07718) and 316 stainless 
steel (UNS S31600).  Tab. 2 details the exact chemical 
composition of the two alloys tested.  Two sample 
lengths were used; 101.6mm (4 in.) in normal gravity, 
and 50.8mm (2 in.) in reduced gravity.  The shorter 
samples were used in reduced gravity in order to ensure 
the burning aligned with the test chamber window 
through which a video recording was taken.  Analytical 
modelling discussed in previous work [16] has shown 
that this difference in sample length has no effect on the 
ability of the sample to meet the burn criteria.  The test 
medium used was commercially pure (3.0N, >99.9%) 
oxygen at pressures ranging between 2.24 MPa and 5.17 
MPa.   
 
 
  
Table 2:  Chemical Composition of Test Alloys 
Material Chemical Composition (wt%) 
  Al B Bi C Co Cr Cu Fe Mg Mn 
Inconel 718 0.4700 0.0032 0.00002 0.0500 0.0500 18.0000 0.0100 20.1000 0.0010 0.0400 
316 SS - - - 0.0190 - 16.4100 - Balance - 1.4700 
Cont… Mo Nb Ni P Pb S Se Si Ta Ti 
Inconel 718 3.0700 5.0700 51.9000 0.0040 0.0002 <0.001 <0.0002 0.0600 0.0100 0.9600 
316 SS 2.0300 - 10.0300 0.0380 - 0.0200 - 0.2800 - - 
 
 
2.4. Test Methodology 
Testing was conducted in accordance with the ASTM 
G124-09 standard for promoted ignition testing of 
metallic materials.  As a result the testing also meets the 
requirements of the NASA 6001 standard1.  A burn 
criteria of 30mm was used (as per the standards) for 
both normal and reduced gravity testing. 
 
Statistical confidence of promoted-ignition testing is 
typically low where the recommended or minimum 
number of tests is conducted.  An investigation by 
Suvorovs [17] examined the effects of varying the 
minimum number of tests to be conducted before 
classifying a metal as non-flammable.  Tab. 3 shows the 
results of this work, providing the statistical confidence 
corresponding to the number of ‘no-burn results’ 
obtained and the acceptable burn probability. 
 
Table 3:  Statistical Confidence for Burn 
Probabilities [17] 
N P(burn) Interval  C (%) 
5 0.1 (0, 0.001) 0.5 
5 1 (0, 0.01) 5 
5 5 (0, 0.05) 23 
5 10 (0, 0.1) 41 
10 0.1 (0, 0.001) 1 
10 1 (0, 0.01) 10 
10 5 (0, 0.05) 40 
10 10 (0, 0.1) 65 
22 10 (0, 0.1) 90 
 
Based on this work, 22 tests need to be conducted for a 
90% confidence that the probability of a burn occurring 
                                                          
1 With the exception of the test sample length – half length samples 
were used in order to allow visual recording of the promoted ignition 
test.  As previously mentioned, this has been shown not to affect 
whether the sample burns more than the burn criteria or not. 
at that pressure to be 10% or less.  As such, this 
investigation has chosen to complete 22 ‘no-burns’ 
before declaring a metallic material non-flammable at 
that pressure. 
 
3. RESULTS & DISCUSSION 
3.1. Inconel 718 
Tab. 4 shows the LBP for Inconel 718 was found to be 
3.45 MPa (500 psia) in normal gravity conditions, with 
a HNBP of 2.93 MPa (425 psia).  Previously reported 
results by McIlroy and Zawierucha [18] and Steinberg 
et al. [19] are in excellent agreement with this result.  In 
comparison, in reduced gravity, burning was supported 
at pressures as low as 2.24 MPa (325 psia).  Further, the 
LBP and HNBP in reduced gravity have not yet been 
determined – so lower pressures may also support 
burning. 
 
Tab. 5 and Tab. 6 show the detailed results of normal 
and reduced gravity testing for Inconel 718.  As would 
be expected, the average burn length clearly increases 
with pressure, as does the standard deviation, suggesting 
that the threshold recorded here as the lowest burn 
pressure and highest no-burn pressure lies at the 
beginning of the transition zone.   
 
Tab. 5 and Tab. 6 also clearly illustrate the average 
RRMI increases in reduced gravity testing as compared 
to normal gravity testing.  The normal gravity average 
RRMI at 4.48 MPa (650 psia) was found to be 
12.17mm/s, compared to 27mm/s in reduced gravity at 
the much lower pressure of 2.24 MPa (325 psia).   
 
 Table 4:  Comparison of normal and reduced gravity thresholds for Inconel 718 and 316 Stainless Steel 
Pressure     Inconel 718     316SS   
MPa psia   Normal Gravity Reduced Gravity   Normal Gravity Reduced Gravity 
    
2.24 325 1B/0NB 
2.41 350 0B/22NB 
2.76 400 0B/22NB 2B/1NB 
2.93 425 0B/22NB 
3.45 500 1B/7NB 1B/0NB 1B/2NB 
3.96 575 1B/4NB 
4.48 650 1B/0NB 
5.17 750 3B/0NB 
Notes: 
1.  B = Burn; NB = No Burn; Double Lines indicate the threshold between the Lowest Burn Pressure (LBP) and Highest No-Burn 
Pressure (HNBP). 
 
Table 5:  Detailed Burn Information - Inconel 718 in 
Normal Gravity 
Pressure 
MPa (psia) 
Avg 
Burn 
Length 
(mm) 
Max 
Burn 
Length 
(mm) 
Standard 
Deviation 
Avg 
RRMI 
(mm/s) 
2.93 (425) 7.76 14.78 2.75 - 
3.45 (500) 13.45 33.96 9.45 - 
3.96 (575) 15.96 36.27 11.91 - 
4.48 (650) CB2 CB2 - 12.17 
 
Table 6:  Detailed Burn Information – Inconel 718 in 
Reduced Gravity 
Pressure 
MPa (psia) 
Avg 
Burn 
Length 
(mm) 
Max 
Burn 
Length 
(mm) 
Standard 
Deviation 
Avg 
RRMI 
(mm/s) 
2.25 (325) CB2 CB2 - 27.20 
3.45 (500) CB2 CB2 - 28.39 
 
3.2. 316 Stainless Steel 
Tab. 4 shows a comparison of the normal and reduced 
gravity LBP and HNBP for 316 stainless steel found in 
this study.  In normal gravity, the LBP of 316 stainless 
steel was 3.45 MPa (500 psia) with the HNBP being 
2.76 MPa (400 psia).  Numerous studies [19-23] have 
observed very similar results.   
 
Under reduced gravity however, 316 stainless steel was 
found to burn at 2.76 MPa (400 psia), a pressure at 
which it did not burn under normal gravity.  Steinberg et 
al. [24] were able to burn 316 stainless steel at pressures 
as low as 1.72 MPa (250 psia) to an extent that under 
                                                          
2   CB= Complete Burn 
the current standards, the material would be considered 
flammable at that pressure.   
 
Tab. 6 and Tab. 7 show detailed burn information for 
316 stainless steel in normal and reduced gravity 
respectively.  Again the average burn length increases 
with pressure.  It is also worth noting that at both 2.41 
MPa (350 psia) and 3.96 MPa (400 psia), maximum 
burn lengths close to the burn criteria of 30mm 
occurred.  This again highlights the importance of the 
criteria used.  The average RRMI at 5.17 MPa (750 
psia) is shown to be 9.5 mm/s (in normal gravity) 
compared to 15 mm/s at 2.76 (400 psia) in reduced 
gravity.  Once more, the RRMI is significantly higher at 
a much lower pressure in reduced gravity compared to a 
higher pressure in normal gravity. 
 
Table 7:  Detailed Burn Information – 316 Stainless 
Steel in Normal Gravity 
Pressure 
MPa (psia) 
Avg 
Burn  
Length 
(mm) 
Max 
Burn 
Length 
(mm) 
Standard  
Deviation 
Avg 
RRMI 
(mm/s) 
2.41 (350) 4.75 27.69 6.14 - 
2.76 (400) 6.09 27.35 6.21 - 
3.45 (500) 20.44 52.80 28.06 - 
5.17 (750) 97.07 CB2 13.86 9.5 
 
 
 
 Table 8:  Detailed Burn Information – 316 Stainless 
Steel in Reduced Gravity 
Pressure 
MPa (psia) 
Avg 
Burn  
Length 
(mm) 
Max 
Burn 
Length 
(mm) 
Standard  
Deviation 
Avg 
RRMI 
(mm/s) 
3.96 (400) 29.83 CB2 24.37 15 
Notes: 
1.  The burn lengths recorded in reduced gravity are limited by 
both sample size and available test time.  Several samples 
continued to burn in reduced gravity, extinguishing upon 
impact at the end of the drop test. 
 
3.3. General Observations  
Several observations were made whilst conducting the 
experiments and reviewing the video footage.  
Precession was observed to occur during burning in 
reduced gravity for both Inconel 718 and 316 stainless 
steel – though it appeared more pronounced during 
Inconel 718 testing.  Towards the end of both Inconel 
718 reduced gravity tests, a considerable amount of 
molten metal/oxide was ejected from the burning 
droplet.  This did not appear to occur during the 316 
stainless steel tests, or any normal gravity tests. 
 
4. SAFETY IMPLICATIONS 
The results of this work have implications with regard 
to space safety, and particularly materials selection.  
Most important is that metallic materials are clearly 
more flammable in reduced gravity (compared to 
normal gravity) and use of normal gravity information 
needs to be carefully considered.  A ~35% reduction in 
LBP is shown by this work for Inconel 718 – a 
reduction which could conceivably get considerably 
larger by the time the actual threshold is determined.   
 
Further characterisation in reduced gravity, particularly 
quantification of the LBP/HNBP for different metallic 
materials, and more information regarding the 
magnitude of the change in LBP/HNBP when 
comparing normal and reduced gravity will allow better 
use of the information that is available.   
 
It is suggested that a number of very burn-resistant 
materials in normal gravity will remain burn-resistant in 
reduced gravity.  Hence it may be necessary to use more 
burn resistant (and expensive) materials when designing 
for reduced gravity.  Lastly, it is important to note the 
impact of configuration on flammability is different 
under reduced gravity, and some designs appropriate for 
normal gravity may not be appropriate for reduced 
gravity and vice versa. 
 
The results of this work also raise other questions 
regarding metallic materials flammability.  The relative 
rankings of metallic materials’ flammability under 
normal gravity are (comparatively) well defined and 
hence are also used to rank materials for reduced gravity 
applications.  However, the impact of reduced gravity 
and whether this effect is equal on all metals is 
unknown.  Metals flammability is a function of a 
number of different factors, and hence the thermal 
properties of many metals with similar normal gravity 
flammabilities can be drastically different.  Tien [25] 
showed the relative flammability of two gaseous 
materials in reduced gravity could potentially be the 
reverse of the same two materials in normal gravity.  It 
would seem logical that some metals would be affected 
more than others, dependent on their thermal material 
properties, and the degree to which they are affected by 
the extra heat retained due to the absence of gravity. 
 
5. SUMMARY AND CONCLUSIONS 
This investigation confirms that two metallic materials, 
Inconel 718 and 316 stainless steel are clearly more 
flammable in reduced gravity compared to normal 
gravity.  The increase in flammability in the standard 
configuration is significant, with the lowest burn 
pressure of some metals reduced by at least 35%.  The 
average RRMI of both metals investigated was also 
much higher in reduced gravity, with regression rates 
more than twice as high as in normal gravity recorded. 
As a result, experience and information gained from 
normal gravity flammability testing is not conservative 
for reduced gravity use.  Clearly, caution must be 
exercised when using normal gravity information for 
systems designed for reduced gravity use. 
 
6. FUTURE WORK 
Several areas have been identified as appropriate ways 
in which to extend this work.  Quantification of the 
lowest burn pressure in reduced gravity for the two 
materials examined in this work needs to be completed.  
Additionally, this program has will begin to examine 
other metals to increase the number of metallic 
materials examined.  The next part of this investigation 
will focus on a number of metals known to be burn-
resistant in normal gravity; in particular Monel K-500 
and Nickel 200 in order to demonstrate that such metals 
remain burn-resistant options under reduced gravity.   
 
Further opportunities exist to build upon this work, with 
priorities including the development of methods of 
translating the large amount of available normal gravity 
data into useful reduced gravity information, and 
examining a wider variety of metals to compare the 
relative effects of a changed gravity regime on different 
materials. 
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